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Abstract  
A detailed understanding of the changes in load transfer due to implantation is necessary to 
identify potential failure mechanisms of orthopaedic implants. Computational finite element 
(FE) models provide full field data on intact and implanted bone structures, but their validity 
must be assessed for clinical relevance. The aim of this study was to test the validity of FE 
predicted strain distributions for the intact and implanted pelvis using the digital image 
correlation (DIC) strain measurement technique. FE models of an in-vitro hemi-pelvis test 
setup were produced, both intact and implanted with an acetabular cup. Strain predictions 
were compared to DIC and strain rosette measurements. Regression analysis indicated a 
strong linear relationship between the measured and predicted strains, with a high correlation 
coefficient (R = 0.956 intact, 0.938 implanted) and a low standard error of the estimate (SE = 
69.53, 75.09µε). Moreover, close agreement between the strain rosette and DIC 
measurements improved confidence in the validity of the DIC technique. The FE model 
therefore was supported as a valid predictor of the measured strain distribution in the intact 




Finite element (FE) analysis has been used extensively to test and validate clinical 
hypotheses and in particular, preclinical evaluations of orthopaedic implant performance. 
This computational technique provides full field data and allows investigations on the effect 
of many variables quickly and relatively inexpensively, compared to clinical studies and 
physical testing. However, the accuracy of the predicted stresses and strains depends on the 
quality of representation of the FE model compared to the actual conditions. Hence, an 
assessment of the validity of the FE predictions is required, before the FE model can be 
further used for clinically relevant investigations.  
Experimental measurements using the strain gauge technique have often been employed 
to validate FE models of intact and implanted bone structures [1 – 4]. Strain gauge 
measurements yield discrete data, which is an average of the real strains occurring underneath 
the gauge. Moreover, local surface preparation, instrumentation connected to the gauge and 
temperature changes can affect strain measurement [5]. Many of these localized 
measurements are required in biomechanical models, where irregular geometry and material 
heterogeneity often result in large variation of strain across the structure. Furthermore, if 
there is a sharp gradient in a strain field, it is unlikely to be captured in discrete experimental 
measurements. Therefore, continuous field strain data would be of benefit, such as that 
predicted by FE analysis. Although the photo elastic method has been used in the past to 
obtain surface strain distributions in a loaded pelvis specimen [6], its applicability is limited 
by excessive specimen curvature. More recently, digital image correlation (DIC) has evolved 
as an effective technique for measurement of full field strain on the surface of a loaded 
specimen [7 – 20]. Other versions of image correlation, such as texture correlation [21 – 23] 
and 3D volume correlation [24, 25] technique were also used to understand bone mechanical 
behaviour. 
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 Full field strain analysis using the DIC technique has been used to understand load 
transfer across biomechanical specimens at the macro- and micro-scale [7 – 12]. An 
advantage of the DIC technique is that it is applicable to structures with irregular geometry 
and heterogeneous material distribution, such as bone. In the study by Sztefek et al. [8], 
surface strains were measured on mouse tibia specimens using DIC to investigate the change 
in strain after load-induced bone adaptation. The technique was used to find the differences in 
two-dimensional strain patterns of the medial cortex of the composite femur, implanted with 
titanium and carbon-fibre-reinforced plastic femoral prostheses [9]. Everitt et al. [7] 
investigated acetabular cup deformation for various press-fit designs subjected to rim loading 
using DIC measurement and FE analysis. However, the acetabular components were loaded 
at the periphery and, as the authors state, this was not representative of the changes in bone 
mechanical behavior due to implantation. DIC has also been employed to investigate load 
transfer in dental implants and to compare splinted and non-splinted implant-supported 
prostheses with and without proximal contact conditions [12]. More recently, Dickinson et al. 
[10] validated the full field FE model predicted strain distribution in a composite proximal 
femur using DIC. 
There is a dearth of experimental data on strain measurement in intact and implanted 
pelvises, which could be used to identify potential links between changes in strain 
distribution due to implantation and clinical failure mechanisms of the acetabular component.  
Marked changes in bone strain from the intact bone’s equilibrium state have the potential to 
stimulate an adaptive bone response through remodelling [26], and large increases in strain 
may indicate a risk of fracture. In earlier experimental validation studies with an intact pelvis, 
a rigid support structure has been used, which might not be entirely representative of the in-
vivo situation [1 – 3], and to the authors’ knowledge there is lack of comparative 
experimental data on the full field strain distributions across the pelvis before and after 
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implantation. In the present study, DIC was employed to assess the validity of FE predicted 
strain distributions in intact and implanted composite hemi-pelvises. Additionally, discrete 
principal strain data obtained from DIC were compared with those measured by strain 
rosettes, fixed at comparable locations on the surfaces of the intact and implanted pelvis. The 
objective was to conduct a rigorous assessment of the validity of the method of FE model 
generation and the predicted results, in particular the full field strain distribution in the intact 
and implanted composite hemi-pelvises. Subsequently, the study is aimed at investigating the 
effect of deviations in load transfer due to implantation around the acetabulum, which will 
indicate the stimulus for a bone adaptation response. 
2 Materials and Methods 
The experiments were carried out on a fourth generation composite left hemi-pelvis 
(3405, Sawbones AG, Sweden) specimen, composed of polyurethane foam with a thin 
cortical shell layer made of glass-fiber reinforced epoxy. Following the recommended 
operative technique, one pelvis was implanted with an uncemented acetabular cup of 58mm 
outer diameter and 52 mm bearing diameter (ADEPT®, MatOrtho, UK), at 45° inclination 
and 15°anteversion [27, 28]. A diametral interference fit of approximately 1 mm was used 
(57mm ream for 58mm external diameter cup), according to typical surgical technique for hip 
resurfacing [28, 29]. 
2.1 Experimental set-up and fixation of the pelvises  
The DIC measurements were carried out prior to the strain rosette measurements on the 
same composite pelvises (intact and implanted), supported and loaded identically in a servo 
hydraulic Instron testing machine with a ±25kN load capacity (Instron 8874, Instron Ltd., 
UK), for one-to-one comparison of the results. A proprietary fixture, fabricated at the 
University of Southampton, was used to hold the pelvises at two locations, at the sacroiliac 
joint and supero-posterior part of the ilium, and the pubis (Figs. 1a and b). In the 
 7 
experimental set-up, the pelvis was supported with respect to the modular femoral head in 
such an orientation that represented the maximum resultant force instant in the gait cycle, 
shortly after heel strike (Figs. 1a and b) [Bergmann et al., 2001]. Compressive force was 
applied on the acetabular cavity using a 46 mm diameter modular femoral head, attached to 
the test machine actuator. The mechanical test set-ups for the DIC and strain rosette 
measurements are shown in Figs. 2 and 3, respectively. 
The hip joint force is the most dominant force acting on the pelvic bone, which is 
predominantly transferred through the supero-anterior edge of the acetabulum to the sacro-
iliac joint [30, 31]. Due to this edge loading, the lateral cortex of the iliac bone located above 
the acetabulum is highly stressed [30, 31]. In the experimental set-up, this region of load 
transfer was chosen as the region of interest for measurement. The effects of load transfer in 
other regions remote from this area were low in magnitude, resulting in a low signal to noise 
ratio, thereby inducing more errors in DIC measurements than useful measured data. For the 
DIC measurements, the region of interest in a specimen was coated with a high contrast, 
random speckle pattern. White paint was first applied on the surface, followed by black 
speckling using a compressed air brush. The displacement of the speckle patterns due to load 
application were recorded using 2 MP digital cameras (Limess GmbH, Germany). 
Subsequently, VIC 3-D software (Correlated Solutions Inc., SC, USA) was used to record the 
displacement of the speckle patterns and to calculate the strain in a selected region. 
According to the manufacturer specification (Limess GmbH, Germany), the precision of DIC 
measured displacement is 0.01 pixel. Two cameras were used to calculate the surface strains, 
which were placed at an angle of ±10 degrees to the normal direction of the region of interest 
(Fig. 2). A diffused white light source was used for illumination; this enabled high resolution 
images while preventing reflections which could have masked the measurements. 
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Compressive loads were applied at a rate of 14 N sec
-1
 to a maximum of two times body 
weight, 1400 N. 
Additional experiments with the same pelvises were carried out using the more 
established strain gauging technique, to verify the strain measurements from the DIC. After 
removal of the white paint and the speckle pattern using acetone and subsequent cleaning by 
ethyl alcohol, rectangular strain rosettes (SR–4® Strain Gauges, Vishay Micro-
Measurements, UK) were attached at pre-determined locations and orientations on the 
surfaces of the intact and implanted pelvises, in the region of DIC measurement (Fig. 3). The 
strain rosettes were attached at flat regions of the surface to gain the most accurate results. 
The location of each rosette was measured with respect to bony landmarks. These data were 
later used to find comparable point coordinates in the DIC measurement. Similar to the DIC 
measurement, compressive load was applied at a rate of 14 N sec
-1
 to a maximum of 1400 N. 
2.2 Finite Element Modelling and Analysis 
A manufacturer-supplied CAD model of the composite hemi-pelvis was used to generate 
the 3-D FE model. The precision of the CAD model was 0.38 mm, according to the 
specification of the NextEngine 3-D Model 2020i Desktop laser scanner (NextEngine Inc., 
Santa Monica, NC, USA). The femoral head and the acetabular cup were modelled separately 
using Solid Works software (DS SolidWorks Corp., Concord, MA, USA). Virtual surgical 
operations, positioning of the cup and the femoral head, and virtual cuts were performed 
using NURBS modelling software Rhinoceros (Robert McNeel & Associates, Seattle, WA, 
USA). 
In the experimental set-up, the distances between five predefined bony landmarks on the 
composite pelvis and a location on the modular femoral head (aligned with the vertical axis 
of the testing machine) were measured. The solid models of the intact and implanted pelvises 
were positioned with respect to the femoral head based on these measurements, which 
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replicated the orientation of the tested pelvises. In order to generate the volumetric mesh, the 
solid models were imported into the software ANSYS ICEM CFD (ANSYS Inc. PA, USA), 
and meshed with four-noded tetrahedral elements with edge lengths varying between 0.5 – 3 
mm. Finally, this volumetric mesh was imported into Ansys v11 (Ansys Inc. PA, USA) for 
the FE analysis, in order to convert four-noded tetrahedral to ten-noded tetrahedral elements, 
thereby increasing the accuracy of the numerical solutions.  
The accuracy of the results was checked in a convergence study using three different FE 
meshes (coarse, medium and fine) and a comparison of the predicted surface strain. In the 
intact case, the models contained 137432, 269376 and 371958 elements, and the implanted 
FE models contained 140147, 284993 and 396615 elements. Refinement between coarse and 
medium meshes changed the peak strain by 6%. However, the maximum peak strain change 
was reduced to 1% between the medium and fine meshes, so considering the size of the FE 
model and the accuracy of the results, the medium sized meshes were judged to be 
sufficiently accurate. The FE models and selected meshes are shown in Fig. 4.  
Linear elastic, isotropic, homogeneous material properties were used for the cancellous 
foam (E = 155 MPa) and the cortical shell (E = 16.7 GPa) (according to data from the 
manufacturer). Young’s modulus of the cup and the modular femoral head were taken as 
197GPa (CoCr alloy). Poisson’s ratio for all materials was defined as 0.3. Six node second 
order asymmetric surface-to-surface contact elements with friction coefficient µ = 0.1 were 
simulated between the acetabular cavity and the modular femoral head for the intact pelvis. In 
the implanted composite pelvis, a 1 mm interference fit was assumed between the rim of the 
implant and the surrounding bone [28, 32] and contact elements with µ = 0.5 were applied 
[29, 32]. Frictionless contact was assumed between the modular femoral head and the 
acetabular cup, representing a well lubricated bearing surface. An augmented Lagrange 
contact algorithm was used to solve these models [4, 33]. 
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2.3 Experimental error and repeatability 
Five successive experiments were performed for each pelvis specimen to quantify the 
measurement repeatability. Each specimen was subject to applied loads varying from 600 N 
to 1400 N in steps of 200N. The strain distribution for the 1400 N case was considered for 
comparison of DIC measured and FE predicted strains, the highest load case giving the 
highest signal: noise ratio.  
In order to quantify the DIC measurement sensitivity and identify the region of 
acceptable accuracy measurements on the surface of the pelvis, five successive unloaded 
datasets (theoretically with zero strain) were analysed. The sensitivity was calculated to be 
<±165µε (mean ± three standard deviations) for the intact pelvis and <±145µε for the 
implanted pelvis, which was less than the typical limit of 200µε reported by the manufacturer 
for a low curvature region [34]. Subsequently, the region of acceptable accuracy was 
determined based on these data and indicated by the area enclosed by the white polyline, as 
shown in Fig. 5. Five repeated loaded datasets corresponding to successive experiments 
resulted in six sigma experimental error (± three standard deviations) of <±60µε for the intact 
and <±50µε for the implanted pelvis. Within this area, the error was found to be minimum, 
and therefore, the results within the enclosed area were suitable for analysis. 
2.4 Data interpretation and statistical analysis 
The DIC measured full field von Mises strains were compared with the FE strain patterns 
to validate the predictions of the FE models, and discrete principal strain values obtained 
from the DIC were compared with the strain rosette measurements. A DIC strain value 
corresponding to each rosette was calculated as the average value of all point coordinates 
located underneath the rosette location. The correlation coefficient (R), standard error of the 
estimate (SE), percentage error (PE) and test statistics value (P-value) of the regression slope 
(b) were used to evaluate whether a significant relationship existed between the DIC 
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measured and FE predicted strain. The percentage error was calculated as the ratio of SE of b 
to b.   
3. Results 
The von Mises strain distributions for both the pelvises are shown in Fig. 5. In the intact 
pelvis, the distribution of DIC measured and FE predicted strains varied from 0 to 1200µε 
within the ROI (Figs. 5a and b). High strains of 600 – 1200με were observed at the superior 
part of the acetabulum and adjacent to the sacroiliac joint for both the DIC measured and the 
FE predicted cases, and were generated by the application of the hip joint reaction force and 
the constraint condition. Very low strains were observed at the superior part of the ilium, 
indicating predominant load transfer from the acetabulum to the sacroiliac joint. The strains 
for the implanted pelvis within the ROI ranged from 0 to 900 µε (Figs. 5c and d). High strains 
varying from 600 to 900με were observed at the posterior and the inferior part of the ilium, 
whereas the superior part of the ilium was virtually unloaded (Figs. 5c and d).   
3.1 Assessment of the correlation between the DIC measured and FE predicted strains  
The linear regression analysis (Table 1) and the scatter plots (Fig. 6) for both pelvises 
were based on discrete values of DIC measured and FE predicted strains. A high correlation 
coefficient (R = 0.956) and a low standard error of estimates (SE = 69.53) was obtained for 
the intact pelvis. The corresponding t-test demonstrated that this correlation was significant: 
t-statistic = 32.448, p < 0.0005. The regression slope of b = 0.85 (SE of b = 3.05%) and 
intercept of a = 50.32 were indicative of a strong linear relationship between the DIC 
measured and FE predicted strains. For the implanted pelvis, regression analysis yielded a 
high R = 0.938 and a low SE = 75.09. A regression slope b = 0.894 (SE of b = 3.80%) and 
intercept a =45.85 was found for this case. The paired t-test for this data set demonstrated 
that this correlation was significant: t-statistic = 26.368, p < 0.0005. The results 
corresponding to unified data of intact and implanted pelvises, also indicated a high 
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correlation coefficient (R = 0.947) and a low SE = 72.62. A regression slope of b = 0.866 
(SE of b = 2.42) and an intercept a = 50.64 indicated a strong linear relationship between 
FE predicted and DIC measured strain (Table 1). The paired t-test for the unified data 
indicated that this correlation was significant: t-statistic = 41.328, P < 0.0005.Therefore, the 
DIC measured and FE predicted strains for both the pelvises were related to each other with a 
confidence level greater than 95%. 
3.2 Comparison of measured strain values: DIC versus Strain rosette 
Discrete values of principal strain obtained from the DIC measurements were compared 
with the strain rosette readings at three different locations (1, 2 and 3), as shown in Table 2.  
In the intact pelvis, the DIC measured strains (first principal) at locations 1, 2 and 3 were 
found to be 291με, 161με and 88με, respectively. In comparison, the corresponding strain 
rosette measurements of first principal strain were 292με, 138με and 81με. At the other two 
locations the corresponding strain data using two measurement techniques indicated similar 
agreement (Table 2). These results indicate that the DIC measurements corroborated well 
with the strain rosette readings. 
3.3 Comparison of strains: intact versus implanted pelvises 
The changes in strain distribution due to implantation are evident in the differences in 
DIC measured principal strains between the intact and implanted cases (Fig.7). An 
approximately 36% increase in principal strain was observed around the cortex of the 
acetabulum, based on data (N = 125) collected in the virtual strain gauge area (Fig. 1a) after 
implantation, indicating increased load transfer through that region (Fig. 8). The stiff metallic 
cup produced increased strain at the cortex of the superior acetabular rim, which could 
potentially lead to strain shielding in the underlying cancellous bone. Moreover, a reduction 
of 6% and 42% in compressive strain was measured at locations 2 and 3, respectively, 
indicating the possibility of strain shielding at the central part of the ilium (Table 2).  
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4 Discussion 
The primary goal of the study was to test the validity of FE models of intact and 
implanted composite hemi pelvises, using a full field strain distribution measured by DIC. 
For the purpose of validation, von Mises (equivalent) strain on the bone surface was chosen 
since DIC measures 2-D full field strain, for which the principal strains are not directly 
comparable to the FE predicted 3-D strain distribution. However, to understand deviations in 
load transfer due to implantation, DIC measured principal strain components were considered 
in order to differentiate between compressive and tensile strains. Subsequently, in order to 
assess the validity of DIC measurements, discrete strain data was compared with those 
measured using strain rosettes. Although previous studies on the pelvis were based on 
localized measurements of surface strain using strain gauges [1 – 3, 6, 35, 36], there is a 
dearth of experimental data on full field strain distribution, which would be required for a 
more thorough validation of the FE predicted results.   
Full field strain distributions for both the specimens were found to be very similar to the 
FE predicted strain patterns. However, some deviations in results were observed at locations 
around the curved irregular boundaries in the ROI, which may be attributed to the subtended 
acute angle in the viewing direction of the camera. The DIC measured and FE predicted 
strains in the higher range (600 – 900με) were found to be similar (Fig. 5), since the signal to 
noise ratio was high for this range. The one-to-one agreement between the DIC and FE 
strains exhibited a linear regression slope b of 0.850 for the intact model and 0.894 for the 
implanted model. The FE predictions may be over-estimated through a loss in thickness of 
the cortex structure in the model, arising from CAD model generation or FE meshing.  An 
under-estimate of the Sawbone’s Young’s Modulus values could also lead to over-estimated 
FE strains, although the assigned values were those stated by the manufacturer (3405, 
Sawbones AG, Sweden).  The DIC could also underestimate the peak strain due to averaging 
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errors, particularly at highly curved boundaries of the ROI in the pelvises, and this is a 
limitation of the technique. In order to achieve more accurate results, especially in the highly 
curved regions, a finer speckle pattern should be generated on the specimen and the camera 
should be positioned closer, for greater deformation measurement sensitivity, and confidence 
in absolute strain levels. The close linear agreement, obtained for full field strain data, gave 
confidence in the validity of the presented model for comparative study such as that presented 
for implanted and intact cases. 
These observations are well supported by a similar experimental study using DIC 
measurements on a composite proximal femur [10]. Despite some deviations, linear 
regression analysis indicated close agreement between the DIC measured and FE predicted 
strain, with a high correlation coefficient (R = 0.93 – 0.95),  a low SE of the estimate (69 - 
75με), and a low PE in regression slope (3 – 3.8 %).  These results indicate that the overall 
DIC measured strain distribution corroborated the FE predicted strains. Furthermore, 
quantitative agreement of DIC strain data with strain rosette measurements validates the DIC 
measurements and confirms that the full field results predicted by the FE models can be used 
as valid predictors of actual strains across the composite pelvis. 
The observed load transfer patterns across the pelvis are similar to those reported in 
earlier experimental and numerical studies [1 – 3]. Strain patterns indicated that the hip joint 
contact force was predominantly transferred from the acetabulum to the sacroiliac joint, 
which was similar to the findings by Dalstra and Huiskes [30]. Implantation led to increased 
strain in the periacetabular cortical bone, and a reduction in strain or ‘strain shielding’ was 
observed at the central part of the ilium. These findings were supported by clinical 
observations [37 – 40] and FE analysis predictions [41 – 43]. The clinical study by Wright et 
al. [37], reported that the load is transmitted predominantly through the cup to the peripheral 
cortex of the acetabulum and the ilium, and consequently, the cancellous bone of the central 
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part of the ilium is mechanically shielded. A clinical bone remodelling study around 
cementless acetabular components by Meneghini et al. [40] observed that relative bone 
density was increased in the periphery of the acetabulum, due to increased load transfer 
through that region. Laursen et al. [39] reported bone mineral density changes that stabilised 
over the first postoperative year, which is consistent with an adaptive bone remodelling 
process. Similar results were reported by Manley et al. [43], who observed using FE analysis 
that the implanted pelvis had less load transfer in the anterior and posterior regions of the 
acetabulum, and adjacent to the ischial facet as compared to the normal hip. An FE study on 
bone remodelling around the uncemented acetabulum by Levenston et al. [41] predicted bone 
loss of upto 50%, medial to the prosthesis, due to stress shielding, and an increase in bone 
density of approximately 30% in the region of the acetabulum rim. Similar findings were 
reported by Wilkinson et al. [38], which corroborated that bone mineral density was 
increased around the acetabular rim and decreased in the medial portion of the acetabulum. 
The present study has a number of limitations. The supporting fixture is not entirely 
representative of the in-vivo condition, where there are no rigid constraints. The constraint 
conditions were carefully designed in an attempt to reproduce a closer representation of the 
physiological supports than earlier studies [1 – 3], which featured large areas of rigid fixation. 
Whilst the study presents data to validate a computational model of the experiment, it does 
not validate the experimental boundary conditions as a representation of the in-vivo scenario. 
Instead of real bone, the experiment was carried out on a fourth generation composite hemi-
pelvis, which is considered to be a viable alternative to the cadaveric bone for biomechanical 
evaluation of bone and implant-bone structures [44 – 52]. The composite bone specimen is a 
simpler structure than real bone, and does not contain fully representative material anisotropy 
or heterogeneity due to density variability. The composite pelvis represents a standardised 
geometry of pelvis, with gross structural behaviour close to that of the human pelvis, and 
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unlike human cadaver pelvis it has very small inter-specimen variability. Moreover, the 
validation study is based on measurements of surface strains on the cortical bone. Only one 
loading condition within a normal walking cycle was used, and the action of muscle forces 
was not included in the model. Higher correlation between the DIC measured and FE 
predicted strains (Table 1) was observed for the intact pelvis (R = 0.956) as compared to that 
of the implanted pelvis (R = 0.938). This may be due to estimated values of interference fit 
and coefficient of friction between the implant and the underlying bone for the FE simulation. 
Since the purpose of the study was to validate the FE model using a representative yet 
analogue experimental model, real bone was not employed. It should, however, be noted that 
the accuracy of the DIC results is highly dependent on the resolution of the speckle coating, 
which may be difficult to apply on a real bone surface. Moreover, artifacts should be avoided 
while modifying the surface or applying a coating of white paint during specimen 
preparation. Despite these limitations, the study has shown that the FE models accurately 
characterized the strains on the bone surface in the intact and implanted experimental models, 
around the acetabulum and the iliac bone, when the acetabulum is loaded by a compressive 
force. The study also supports the validity of stresses and strain predictions within the model 
because surface strain is closely related to stresses and strain inside the bone. 
5 Conclusions 
In a test of the validity of FE models of intact and implanted composite hemi pelvises, 
FE predicted full field strain distributions were in close agreement with those measured 
experimentally, by Digital Image Correlation. Additionally, agreement between strain rosette 
measurements and discrete DIC strain measurements supports the validity of the DIC 
technique for strain measurement in physically representative bone constructs. Based on this 
study, it may be concluded that the FE model can be used as a valid predictor of the 
experimentally measured full field strain in the intact and implanted composite pelvis models. 
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This confirms its suitability for further computational investigations on the changes in load 
transfer around the acetabulum and the iliac bone due to implantation with new and existing 
acetabular cup designs, as a pre-clinical analysis tool.  
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Table 1. Regression analysis of the FE predicted and DIC measured von Mises strain (με) for intact and implanted pelvis for load 1400 N. N 






(SE) in με 
 
Linear Regression 
y = a + bx 
Standard error 
(SE) of b 
% error 





(N = 100) 
0.956 69.53 50.32 0.85 0.026 3.05 32.448 
(0.000) 
Implanted 
(N = 100) 
0.938 75.09 45.858 0.894 0.034 3.80 26.368 
(0.000) 
All data 
(N = 200) 






Table 2. Measured principal strain (με) using DIC (±17με) and strain rosette (±8με) techniques at three locations for the intact and the 














Location 1 Location 2 Location 3 
DIC 
(με) 
SR 
(με) 
DIC 
(με) 
SR 
(με) 
DIC 
(με) 
SR 
(με) 
 
 
Intact 
 
First principal 
 
291 
 
292 
 
161 
 
138 
 
88 
 
81 
 
 
Second principal 
 
-285 
 
-255 
 
-402 
 
-484 
 
-279 
 
-268 
 
 
 
Implanted 
 
First principal 
 
338 
 
320 
 
145 
 
177 
 
62 
 
26 
 
 
Second principal 
 
-173 
 
-189 
 
-379 
 
-323 
 
-162 
 
-147 
 
